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Abstract 

In this work, we report the structural, morphological, and optical properties of Ti0 2 thin films synthesized by the 
electro phoretic deposition technique. The Ti0 2 film was formed on a doped fluorine tin oxide (Sn0 2 :F, i.e., FTO) 
layer and used as a photo electrode in a dye solar cell (DSC). Using spectroscopic ellipsometry measurements in 
the 200 to 800 nm wavelengths domain, we obtain a thickness of the Ti0 2 film in the range of 70 to 80 nm. 
Characterizations by X-ray diffraction and atomic force microscopy (AFM) show a polycrystalline film. In addition, 
AFM investigation shows no cracks in the formed layer. Using an ultraviolet-visible near-infrared 
spectrophotometer, we found that the transmittance of the Ti0 2 film in the visible domain reaches 75%. From the 
measured current-voltage or /-\/ characteristic under AM 1.5 illumination of the formed DSC, we obtain an open 
circuit voltage V oc = 628 mV and a short circuit current / sc = 22.6 pA, where the surface of the formed cell is 
3.14 cm 2 
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Background 

Dye solar cell (DSC) becomes an interesting photovol- 
taic generator as thin film solar cells. Despite their low 
conversion efficiency, they can be very suitable for a big 
number of applications. In addition to their low cost, 
DSCs can convert solar radiation into electricity not 
only with direct (specular) solar lightning, but even with 
diffused light source. Since the first use of colloidal 
Ti0 2 nanoparticles by O'Regan and Gratzel in 1991, sci- 
entific research in DSCs became promising [1]. Many 
techniques were used to deposit Ti0 2 film on different 
substrates, such as liquid phase crystal deposition [2], 
sol-gel [3-6] (large used), and hydrothermal deposition 
[7,8]. Abdullah and Sorrell [9] used the electro phoretic 
deposition (EPD) technique to form Ti0 2 films with 
different thicknesses on a high purity titanium sub- 
strate. Manriquez and Godinez [10] studied the proper- 
ties of a Ti(III)-doped Ti0 2 film formed by the EPD 
technique on optically transparent electrode. In this 
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work, we report the structural, morphological and op- 
tical properties of Ti0 2 thin films deposited by the EPD 
technique (Figure 1) on a doped fluorine tin oxide 
(Sn0 2 :F, i.e., FTO) layer. The formed film is used as a 
photo electrode in the DSC. 

The EPD [9-12] is one of the colloid processes in cer- 
amic production. It was discovered since two hundred 
years ago (1808) and patented in the USA in 1933. This 
technique was applied in multiple domains; ceramics, 
coatings, nanoscale assembly, etc [9-12]. It has many 
advantages such as the homogeneity of the formed film 
and its fast deposition velocity; it does not require any 
complex equipment and permits the deposition of thin 
films on different surface architectures [11] and different 
textures. The thickness of the film can be controlled via 
the applied voltage and the deposition duration [11]. 

In our case, Ti0 2 nanoparticles have a spherical shape 
in the suspension solution. When deposited by the EPD 
technique, the non violent arrangement of spherical 
particles of Ti0 2 on FTO creates void regions (inter 
spheres); which in turn, gives to the Ti0 2 film its por- 
ous structure, with a very high internal surface, which is 
very useful and may be crucial for the number of dye 
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Figure 1 Scheme of the electro phoretic deposition technique. 



molecules that we can insert in a DSC and enhance its 
efficiency. 

In this work, the thickness of the formed film is about 
several tenths of nanometers and was carried out using 
spectroscopic ellipsometry, as well as the refractive 
index, n, and the extinction coefficient, /<, in the 200 to 
800 nm wavelength range. The structural properties 
showing a polycrystalline aspect is carried out by X-Ray 
diffraction (XRD). Morphological investigations using 
atomic force microscopy (AFM) show no cracks in the 
film. In addition, the transmittance of the Ti0 2 film in 
the visible domain reaches 75%. After studying these 
properties, we fabricate a DSC on which we obtain an 
open circuit voltage V oc = 628 mV and a short circuit 
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Figure 2 XRD spectra, (a) FTO film and (b) elaborated Ti0 2 film using Ti0 2 powder. 
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current 7 SC = 22.6 |iA, where the surface of the cell is 
3.14 cm 2 . 



Methods 

Thin Ti0 2 films are deposited on FTO substrates using 
the EPD technique (Figure 1). We used Ti0 2 powder 
from Aldrich (Sigma-Aldrich Corporation, St. Louis, 
MO, USA) where 99.7% of the particles have dimensions 
less than 25 nm. The electrolyte solution is composed of 
a mixture of 0.02 g of Ti0 2 nanopowder with 30 ml of 
isopropanol and 10 ml of acetone. Then, we added a so- 
lution of iodine (I 2 ) dissolved in 5 ml of acetone and 
0.5 ml of acetyl-acetone. The electrolyte was dried and 
ultrasonicated just before deposition. To enhance the 
Ti0 2 nanoparticles adhesion, the FTO film was first 
cleaned and exposed to UV-irradiation during 1 h. One 
of the electrodes is a transparent conductive oxide film, 
where we used FTO (Sn0 2 :F). The latter was deposited 
on a glass substrate by the pyrolitic technique, and the 
second electrode is in aluminum (Al) deposited by ther- 
mal evaporation. A constant voltage of 80 V was applied 
between the two electrodes during 5 s. The used voltage 
and duration are optimized values. Hence, different 
biases and durations were used by studying the transmit- 
tance and the resistivity of the elaborated films. After de- 
position, the Ti0 2 film was annealed in air at 450 °C 
during 1 h to enhance the interconnection between 
nanoparticles. We notice that obtained film has a high 
adhesion to the FTO substrate. This may be explained 
by the generated bonding strength between the film and 
the substrate created during the UV-irradiation of the 
FTO substrate. 



Results and discussion 

Structural properties 

We give in Figure 2 three measured XRD spectra. 
Figure 2a corresponds to the FTO film. Figure 2b is the 
XRD spectra of Ti0 2 where the black curve corre- 
sponds to the Ti0 2 powder and the red curve to the 
elaborated Ti0 2 film. By taking into account peaks of 
FTO (Figure 2a) and peaks of the Ti0 2 powder (red 
curve of Figure 2b), we notice in the XRD spectrum of 
the formed Ti0 2 , three peaks corresponding to the 
(101), (004), and (211) directions. The peak (004) in 
both Ti0 2 powder and Ti0 2 film, at the same position 
of the (200) peak of FTO, was also observed by Radice 
et al. [12] and Fa-min et al. [13]. Unfortunately, we did 
not identify the new peak in the fabricated Ti0 2 film 
that appears near the peak (101) of the FTO layer. 

Morphological properties 

The surface morphology was studied by means of AFM. 
In Figure 3, we give the AFM image of the Ti0 2 surface 
(Figure 3a), which was compared to the AFM image of 
FTO (Figure 3b). The estimated rough surface measure- 
ment of the Ti0 2 surface is about 49.8 nm. We can 
see in the AFM image that the surface reveals different 
grain sizes of the polycrystalline film, as established by 
XRD measurements. The sizes of Ti0 2 grains reach 
the micrometric scale (Figure 3a); however, they have 
smaller dimensions in the FTO film (Figure 3b). For 
the imaged region, AFM investigation shows that grain 
sizes vary from sub micrometric to micrometric di- 
mension. In addition, in regions investigated by AFM, 
we notice the non compact morphology of the depos- 
ited Ti0 2 film and the absence of cracks. This is due 
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^ Medium 1 : Effective medium (Ti0 2 + Void) 

< Medium 2: Porous Ti0 2 (Ti0 2 + Void) 

^ Medium 3: Effective medium (Ti0 2 +FT0) 

^ Medium 4: Sn0 2 : F (FTO) 

•4 Medium 5 : Glass 



Figure 4 Schematic representation of the structural model of the sample used in the spectroscopic ellipsometer analysis. 



to the fact that the suspension solution (Figure 1) con- 
tains Ti0 2 nano powder with a spherical shape, and 
the EPD technique permits their deposition in a por- 
ous medium. The latter property and the absence of 
cracks could be very beneficial for DSCs. 



Ellipsometric study 

To carry out the refractive index and the extinction co- 
efficient, we use an ultraviolet-visible near-infrared 
(UV-vis-NIR) GES5 spectroscopic ellipsometer from 
Sopra (Uttar Pradesh, India). Measurements were 
achieved with an average value of incident angle about 
60° in a wavelength range of 200 to 800 nm at ambient 
temperature. This choice of angle is justified by the best 
minimization of the noise level. After collecting all mea- 
surements, the determination of the physical parameters 
is based on the method of how to choose the best 
model that enables good fitting results of theoretical 
curves of cos(A) and tan( l F) to experimental ones as a 
function of the wavelength. In Figure 4, we give a sche- 
matic representation of the sample as considered in the 
theory to obtain the best fit. The sample is considered 
as formed by five mediums. In order to enhance the 



fitting results, all layers are supposedly homogenous, 
transparent, and isotropic to use the Bruggeman effect- 
ive medium theory (EM A). As shown in Figure 4, we 
used following three basic mediums: medium 2 (porous 
Ti0 2 : Ti0 2 + void), medium 4 (FTO), and medium 5 
(glass). At the tow interfaces, we considered effective 
mediums formed by two phases of each one. Hence, be- 
tween air and porous Ti0 2 , we considered medium 1. 
Between medium 2 and medium 4, we consider the ef- 
fective medium 3. These considerations are due to the 
surface roughness as obtained by AFM investigations. 
Utilizing the model structure given in Figure 4, we rep- 
resent in Figure 5 the refractive index, n, and the ex- 
tinction coefficient, /<, as a function of the incident 
wavelength. The obtained values of n and k are very 
close to those in the literature [14]. In Table 1, we give 
the values of the films' thicknesses obtained after fitting 
using the EMA theory. 



Transmittance 

Transmittance (T) of the film was carried out using a 
UV-vis-NIR spectrophotometer in the wavelength range 
from 250 to 2,500 nm. The transmittance of the Ti0 2 
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Figure 5 Refractive index, n, and extinction coefficient, k, of the Ti0 2 film. 
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Table 1 Obtained thicknesses of mediums considered in 
Figure 4 



Medium 

Medium 1: Ti0 2 /void 
Medium 2: porous Ti0 2 
Medium 3: Sn0 2 ^i0 2 
Medium 4: Sn0 2 :F 
Medium 5: glass 



Thickness (nm) 

68.70 
4.36 
5.05 
1,021.60 



film is plotted in Figure 6 as well as the transmittance of 
the FTO film which is used for comparison. We notice a 
very useful transparency of the film in a large wave- 
length domain from 300 to 1,100 nm. Hence, the values 
of T reach 75% in the visible domain, which is very func- 
tional for DSC applications, since we will use it as the 
photo electrode. In addition, one can notice that as com- 
pared to the FTO/glass film, the transmittance is not 
diminished severely when we form the Ti0 2 film 
(Figure 6). 

From the measured transmittance T given in Figure 6, 
we deduce the absorption coefficient a using the follow- 
ing relation [15]: 



Hi 



(i) 



where d is the thickness of the film (Table 1) and T is its 
transmittance. 

It is established that Ti0 2 has direct and indirect band 
gaps [6]. To determine values of these forbidden ener- 
gies, we use the expression in Equation 2. 

The relationship between the absorption coefficient a 
and the incident photon energy is given by the relation 
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Figure 6 Measured transmittance spectra of FTO/glass and 
Ti0 2 /FTO/glass films vs. wavelength. 
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Figure 7 Absorption coefficient a as a function of the incident 
wavelength. 



(Equation 2) as follows [16]: 
ahv — A(hv — E g ) m 



(2) 



where A is a constant depending on the transition prob- 
ability and m is equal to % for indirect gap and 2 for dir- 
ect gap. The usual method to calculate the band gap 

energies is to plot (ahv)" 1 as a function of the incident 
radiation energy (hv) [17]. The absorption coefficient a 
as a function of the incident wavelength is plot in 
Figure 7. The band gap values are determined by extra- 
polating values of the absorption coefficient a to zero. 

Figures 8 and 9 are the plot of (ahv) 7 " vs. incident energy 
(hv). As represented in these figures, we found 4.14 and 
3.40 eV for the direct and indirect band gap energies, 
respectively. These values are very close to those 
obtained by Janitabar et al. [6] for a Ti0 2 film elaborated 
by the sol-gel templating technique. The obtained value 
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Figure 8 Plot of (ahv) 2 vs. (hv) for the estimation of the direct 
gap energy value. 
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Figure 9 Plot of (ahv) 1/2 vs. (hv) for the estimation of the 
indirect gap energy value. 



of the band gaps, especially for direct transition, could 
be due to the radius of quantum-sized particles [6]. 

Current-voltage characterization 

After depositing and analyzing the Ti0 2 film, the photo 
electrode was immersed for 24 h in N3 dye solution. For 
the fabrication of the DSC, we used KI/I 2 electrolyte dis- 
solved in acetonitrile as solvent. The counter electrode is 
in aluminum on FTO. The surface area is 3.14 cm 2 . In 
Figure 10 we give the measured current-voltage (I-V) 
characteristic of the formed DSC performed at AM 1.5 il- 
lumination. We obtain an open circuit voltage V oc = 628 
mV and a short circuit current 7 SC = 22.6 |iA. However, 
we notice that due to the fact that we used aluminum in 
the counter electrode instead of platinum, we observed a 



relatively rapid degradation on the counter electrode of 
the DSC as a function of time. This degradation could 
be at the origin of the leakage current, leading to a de- 
crease of the shunt resistance of the cell as observed in 
the I-V curve for low voltage. 



Conclusions 

In this paper we give the structural, morphological, and 
optical properties of Ti0 2 films which are formed using 
the EPD technique. By analyzing the elaborated film by 
means of XRD, AFM, ellipsometry, and UV-vis-NIR 
spectrophotometry, we established that EPD technique 
permits the formation of a film that could be useful for 
DSC application. Hence, the XRD characterization 
shows polycrystalline films. The AFM investigations 
show no cracks in the film. The spectroscopic ellipsome- 
try analysis permits us to deduce the thickness of the 
Ti0 2 film which we found in the range of 70 to 80 nm, 
as well as the refractive index, n, and the extinction coef- 
ficient, /<, in the 200 to 800 nm wavelength range. In 
addition, we found that the transmittance of the Ti0 2 
film in the visible domain reaches 75% in a large spectral 
range. 

From the I-V characteristic measured at AM 1.5 of the 
formed DSC, we obtain V oc = 628 mV and 7 SC = 22.6 (iA. 
Though we remark that due to the fact that we used 
aluminum in the counter electrode instead of platinum, 
we observed the degradation on the counter electrode of 
the DSC. This degradation might create a leakage 
current, leading to a decrease of the shunt resistance of 
the cell, as it can be observed in the I-V curve for low 
voltage. 




Ghrairi and Bouaicha Nanoscale Research Letters 2012, 7:357 
http://www.nanoscalereslett.eom/content/7/1/357 



Page 7 of 7 



Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

NG prepared samples, performed all characterizations and participate in 
writing the paper. MB supervised the work, helps in the interpretations, and 
wrote the text. Both authors read and approved the final manuscript. 

Acknowledgements 

Authors would like to thank the reviewers for their critical revision and the 
editor for his contribution in improving the manuscript. 

Received: 27 April 2012 Accepted: 18 June 2012 
Published: 1 July 2012 

References 

1. O'Regan B, Gratzel M: A low-cost, high-efficiency solar cell based on 
dye-sensitized colloidal Ti0 2 films. Nature 1991, 353:737-740. 

2. Masuda Y, Kato K: Anatase Ti0 2 films crystallized on Sn0 2 :F substrates in 
an aqueous solution. Thin Solid Films 2008, 516:2547-2552. 

3. Chen Y, Stathatos E, Dionysioua DD: Sol-gel modified Ti0 2 powder films 
for high performance dye-sensitized solar cells. J Photochem Photobiol A 
Chem 2009, 203:192-198. 

4. Kao L-H, Hsu T-C, Lu H-Y: Sol-gel synthesis and morphological control of 
nanocrystalline Ti0 2 via area treatment. J Colloid Interface Sci 2007, 

31 6(1 ):1 60-1 67. 

5. Kim DS, Han SJ, Kwak S-Y: Synthesis and photocatalytic activity of 
mesoporous Ti0 2 with the surface area, crystallite size, and pore size. 
J Colloid Interface Sci 2007, 31 6(1 ):85-91 . 

6. Janitabar-Darzi S, Mahjoub AR, Nilchi A: Investigation of structural, optical 
and photocatalytic properties of mesoporous Ti0 2 thin film synthesized 
by sol-gel templating technique. Physica E 2009, 42:176-181. 

7. Gratzel M: Conversion of sunlight to electric power by nanocrystalline 
dye-sensitized solar cells. J Photochem Photobiol A Chem 2004, 164:3-14. 

8. Wanga D, Yua B, Zhoua F, Wanga C, Liua W: Synthesis and 
characterization of anatase Ti0 2 nanotubes and their use in 
dye-sensitized solar cells. Mater Chem Phys 2009, 1 1 3:602-606. 

9. Abdullah HZ, Sorrell CC: Ti0 2 thick films by electrophoretic deposition. 
J Aust Soc 2008, 44(2):12-16. 

10. Mannquez J, Godinez LA: Tuning the structural, electrical and optical 
properties of Ti(lll)-doped nanocrystalline Ti0 2 films by electrophoretic 
deposition time. Thin Solid Films 2007, 515:3402-3413. 

1 1 . Laxmidhar Besra and Meilin Liu: A review on fundamentals and 
applications of electrophoretic deposition (EPD). Progr Mater Sci 2007, 
52:1-61. 

12. Radice S, Bradbury CR, Michler J, Mischler S: Critical particle concentration 
in electrophoretic deposition. J Eur Ceram Soc 2010, 30:1079-1088. 

13. Fa-min L, Peng D, Wei-mei S, Tian-min W: Magnetic and optical properties 
of the Ti0 2 -Co-Ti0 2 composite films grown by magnetron sputtering. 

Chin J Aeronaut 2007, 20:162-167. 

1 4. FILMETRIX. [http://www.filmetrics.com/refractive-index-database/Ti02/ 
Titanium-(IV)-Oxide-Titanium-Dioxide.] 

15. Pankove I: Optical Processes in Semiconductors. Englewood Cliffs NJ: 
Prentice-Hall; 1971. 

16. Smith RA: Semiconductors. 2nd edition. Cambridge NY: Cambridge 
University Press; 1978. 

1 7. Moss TS: Optical proprieties of semi-conductors, Butterworths. London: Sci. 
Pub. Ltd; 1961. 



doi:1 0.1 1 86/1 556-276X-7-357 

Cite this article as: Ghrairi and Bouaicha: Structural, morphological, and 
optical properties of Ti0 2 thin films synthesized by the electro phoretic 
deposition technique. Nanoscale Research Letters 2012 7:357. 



Submit your manuscript to a SpringerOpen 0 
journal and benefit from: 

► Convenient online submission 

► Rigorous peer review 

► Immediate publication on acceptance 

► Open access: articles freely available online 

► High visibility within the field 

► Retaining the copyright to your article 



Submit your next manuscript at ► springeropen.com 



v. 



